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Abstract 
Automotive aluminum alloy sheet metal needs to improve the formability and the strength.  In this study, the 
asymmetric rolling process was applied to the aluminum alloy sheet metal generation, because the {111}//ND texture, 
which corresponds to a part of the shear deformation texture, acts the high-formability.  There are many processes of 
thermo-mechanical processes such as asymmetric and symmetric rollings and heat treatments in the sheet metal 
generation.  We analyzed and optimized the microscopic texture evolution during plastic deformation in the 
macroscopic multi-stage warm rolling processes of the aluminum alloy sheet A6022 by using a crystallographic 
homogenized elasto/viscoplastic multi-scale finite element (FE) code and a discrete optimization method.  In our 
multi-scale FE code, two scales ware considered.  One is a microscopic polycrystal structure and the other is a 
macroscopic elastic plastic continuum.  A three-dimensional representative volume element, which has initial crystal 
orientation distribution of the sheet metal is constructed by the electron back scattered diffraction measured pixel data.  
In order to evaluate the effect of temperature of warm rolling, a thermo-effect was introduced into the 
elastic/crystalline viscoplastic constitutive equation.  Rolling parameters such as ratio of rolling speeds, rolling 
friction and the rolling temperature were optimized.  We confirmed that Lankford value of the optimized sheet 
improved by 2-stage asymmetric rolling processes compared with commercial A6022-T43 sheet metal. 
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Nomenclature 
g objective function of multi-optimization 
h0, n, C, J0 initial hardening modulus, hardening exponent, hardening coefficient, initial 
accumulated shear strain 
r,  draw-ability index (Lankford value), planar anisotropy parameter 
J accumulated shear strain 
P coefficient of friction between roll and sheet metal 
Q1, Q2 asymmetric speed ratio in 1st and 2nd stages 
T rolling temperature 
W, W0 resolved shear stress, critical resolved shear stress-CRSS 
1. Introduction  
Since {111}//ND texture, which is a major component of shear deformation texture, is good 
performance to improve the formability of aluminum alloy sheet metal, the shear deformation is 
introduced into the sheet metal by asymmetric rolling.  However, the {001}<110> crystal orientation, 
which is a part of shear texture, is also induced ill effect such as plastic anisotropy [1].  The sheet metal 
generation, many rolling processes are constructed.  In addition, there are many deign parameters in the 
asymmetric rolling process, such as thickness reduction, rolling temperature and asymmetric ratio. 
In this study, the rolling process parameters for the sheet metal generation are optimized by using 
crystallographic homogenized multi-scale finite element (FE) method [2].  The texture evolution induced 
by plastic deformation during the rolling process is analyzed by the multi-scale FE method.  The multi-
objective optimization for both the improvement of formability and the reduction of plastic anisotropy in-
plane of the aluminum alloy sheet metal A6022 is performed by using the discrete optimization algorithm, 
the response surface method. 
2. Method of the multi-scale analysis based on crystallographic homogenization method 
In our multi-scale FE code, two scales were considered based on the dynamic explicit FE procedure.  
One is a microscopic polycrystal structure and the other is a macroscopic elastic plastic continuum.  A 
three-dimensional representative volume element (RVE), which has initial crystal orientation distribution 
of the sheet metal is constructed by the scanning electron microscope (SEM) with electron back scattered 
diffraction (EBSD) measured pixel data. 
We identified the material properties of Norton's constitutive law at the macro-scale by using the 
experimental results as shown in Fig. 1 (a) of uni-axial tension tests at the room temperature and 250°C as 
follows; 
.  (1) 
The n-th power hardening evolution law, 
,     (2) 
Δr
σ = F(θ) · εn · ε˙m
=
⎧
⎪⎪⎪⎨
⎪⎪⎪⎩
373ε0.13ε˙0.058 : Room temperature
119ε0.084ε˙0.058 : 250◦C
τ(γ) = τ0 + h0 {C(γ0 + γ)}n h(γ) = dτ(γ)dγ = h0nC{C(γ0 + γ)}
n−1
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(a) Norton's low for macro-FE analysis (b) n-th power equation for micro-FE analysis 
Fig. 1. Stress-strain curves of the initial A6022 6mm sheet metal for parameters identification 
Table 1. Crystal plasticity parameters of n-th power equation for micro-FE analysis 
 W0 [MPa] h0 [MPa] n C J0 [MPa] 
Room temperature 67.3 28.7 0.26 6.0 0.044 
250°C 26.9 6.5 0.26 6.0 0.044 
(a) asymmetric rolling (b) deformed shape with shear strain distribution 
Fig. 2. Asymmetric rolling analysis: (a) schematic view of asymmetric rolling problem, (b) macro-FE result 
for the crystalline plasticity constitutive equation [3–5] is employed to describe deformation of micro-
polycrystal structure.  By using stress-strain relationships as shown in Fig. 1 (b), the material parameters 
in Eq. (2) are also determined as summarized in Table 1. 
3. Numerical results 
3.1. Rolling temperature effects 
Figure 2 (a) illustrates a schematic diagram of asymmetric rolling process of difference roll speed 
between upper and lower rolls.  We adopted 800 macro-FEs for the initial 6mm thick and 40mm length 
sheet with plane strain assumption for the macro-FE analyses.  The initial of the 6mm sheet metal is 
measured by using SEM-EBSD apparatus to construct a realistic RVE-FE model, which is 3×3×3 micro-
FEs with 216 crystal orientations and introduces into the micro-FE analyses.  The asymmetrically rolled 
sheet, the thickness reduction 50% and ratio of asymmetric rolling speed 2.0, shows the significant shear 
deformation throughout the thickness as shown in Fig. 2 (b). 
In the asymmetric rolling, sheet metal obtains thickness reduction (compression) and shear 
deformation.  Figure 3 (a) shows strain paths during asymmetric rolling comparison between room 
temperature and 250°C.  At early stage of the rolling, compression was happed, and then shear 
deformation was introduced into the sheet metal in both temperatures.  However, in microscopic results, 
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(a) strain paths (b) initial texture (c) room temperature (d) 250°C 
Fig. 3. Effects of temperature: (a) strain paths of asymmetric rolling deformation at center layer of sheet metal, (b) initial texture, (c) 
deformed texture at room temperature, at 250°C on {111} pole figures 
 
   {111} 
 
(b) initial (c) P= 0.2 (d) P= 0.3 
 
(a) strain paths (e)P= 0.4 (f) P= 0.5 (g) P= 0.58 
Fig. 4. Effects of rolling friction: (a) strain paths of asymmetric rolling deformation at center layer of sheet metal, (b) initial texture, 
and (c)–(g) deformed texture of {111} pole figures among various friction coefficient P between roll and sheet metal 
texture evolution depended on the temperature as shown in Figs. 3 (c) and (d).  Since intensity of the 
shear deformation texture {111}//ND at 250°C is larger than the room temperature, rolling temperature is 
decided as 250°C in this study. 
3.2. Effects of coefficient of friction between roll and sheet metal 
Figure 4 shows strain paths and texture evolutions of various coefficient of friction Pbetween roll and 
sheet metal.  In the friction P more than 0.5 cases, large shear strain was introduced into sheet metal, and 
the shear deformed texture was also evoluted.  Consequently, friction P= 0.5 is employed to the analysis. 
3.3. 2-pass rolling parameter optimization 
Since there are many rolling stages in the sheet metal generation, 2-stage asymmetric rolling is 
considered in this study.  Figure 5 shows texture evolution by asymmetric rolling of aluminum alloy sheet 
metal A6022 of 25 combinations of asymmetric rolling speed ratios Q1, Q2 in the 1st and 2nd stages.  The 
thickness reductions for both 1st and 2nd stages are 50%, from 6mm to 3mm in 1st rolling, and from 
3mm to 1.5mm in 2nd one.  In the Q1 = Q2 = 1.0 case, the typical rolling texture was obtained, because the 
ratio of asymmetric rolling speed 1.0 corresponds to symmetric rolling.  The larger speed ratio, the higher 
intensity of {111}//ND texture was obtained in the asymmetric rolling. 
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Fig. 5. Comparison of texture evolutions at center layer of sheet metal on {111} pole figures by 2-stage asymmetric rolling process 
which were generated by the combinations of asymmetric speed ratio Q1 andQ2
  
(a) the maximum  (b) the minimum  (c) the minimum objective function g 
Fig. 6. Responses surface to find the optimum condition in the coordinates of the 1st stage asymmetric ratio Q1 and the 2nd stage 
asymmetric ratio Q2z 
The Lankford value (r-value), which indicates plastic anisotropy of sheet metal, is used as an objective 
function to optimize the 2-stage asymmetric rolling speed ratios.  The r-value is defined as ratio of width 
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strain Hw to thickness strain Ht in uni-axial tension test.  The average r-value  and its variation , 
which indicate normal plasticanisotropy and planer anisotropy, respectively, are defined as 
  (3) 
where r0, r45 and r90 are the r-value at 0°, 45° and 90° from rolling direction (RD), respectively.  Figure 6 
(a) and (b) shows fifth polynominal response surfaces of objective functions  and  on design 
parameters asymmetric speed ratios Q1 and Q2.  The maximum  and the minimum  are found, 
respectively. 
In order to maximize and to minimize simultaneously, a multi-objective function g is defined as 
,  (4) 
and is minimized.  We found the minimum g value at Q1 = 1.25, Q2 = 1.65 on the response surface as 
shown in Fig. 6 (c).  We compare the r-value of the optimum sheet metal and the commercial A6022-T43 
one, such as =1.10 and =0.38 in case of the optimum one and =0.68 and =0.94.  The 
optimized r-value was improved more 1.6 times, planer anisotropy was reduced more 1.78 times than the 
A6022-T43 sheet metal 
4. Conclusions 
A process metallurgy design by multistage asymmetric rolling processes for high formability 
aluminum alloy sheet metal was performed by using crystallographic homogenized multi-scale FE 
analysis.  The 250°C warm asymmetric rolling was more effective than cold one to introduce the shear 
deformed texture into the sheet metal.  Average r-value of the optimum texture in 2-stage asymmetric 
rolling process was 1.6 times higher than conventional one. 
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